Perovskite ferroelectrics are an important class of functional ceramics. For more than 60 years they are well established materials for charge storage devices and all kinds of piezoelectric components. Increasing demands still drive their development, e.g. currently the quest for lead-free piezoelectric ceramics. Properties of perovskite ferroelectrics can be tailored taking into account the atomic mass of its constituents, which influences the ferroelectric/paraelectric phase transition, and their ionic radii, which are responsible for the symmetry of the lattice. By proper choice of ionic radii advantage of a morphotropic phase boundary can be taken. Donor-or acceptor-doping influences the defect thermodynamics and decides over "hard" or "soft" ferroelectrics. For the further development of ferroelectric ceramics the bonding situation may gain increasing importance. In this paper concepts for covalent or better complex bonding in perovskites are introduced and their consequences for the stability of structures and other material properties are outlined.
Introduction
The perovskite structure is a very common structure found in a variety of functional ceramics. The exceptional chemical versatility gives access to a wide range of functionalities. BaTiO 3 and PbTiO 3 are prominent ferroelectrics, SrRuO 3 is ferromagnetic, LaNiO 3 and LaTiO 3 are metallic conductors, while LaCoO 3 exhibits an insulator to metal transition. 1) Perovskites with ordered defects have founded the class of high temperature superconductors. 2) Ferroelectric materials with their inherent piezoelectric properties are a highly multifaceted class of functional materials encompassing polymers, ceramics as well as single crystals. Due to their different mechanisms this document will concern itself mostly with perovskite ceramics but due to their better measurability some aspects of single crystals will be discussed as well. The initial discovery of the piezoelectric effect is credited to Pierre and Jacques Curie (1880) 3) on tourmaline single crystals, which in fact are not ferroelectric. With the discovery of the first ferroelectric BaTiO 3 by Japanese scientists during WW II and its later use as a phonographic pickup the ferroelectric and piezoelectric effect in ceramics became technically used for the first time. The failure of German scientists to identify and exploit the effect in similar studies has been described as resulting from different processes of purification of TiO 2 4) and serves as a good illustration on how miniscule differences in trace elements (which were undetectable at the time) can change the behaviour to such a degree as to make them unusable or, in this case not sufficiently ferroelectric to become noticeable.
The electronic properties of perovskite ferroelectrics but also a good part of structural stability is due to the complex character of the bonding situation in such compounds. Broadly a chemical bond can be classified into five categories: Covalent, ionic, metal, metalorganic, and complex. 5) Metals are a case in itself; the fully degenerate outer electrons form a continuum (often described as an electron gas), facilitating conductivity, ductility and the metallic sheen. For obvious reasons a metal cannot be piezoelectric, pyroelectric or ferroelectric. As for covalent and ionic bonds, the classification is much vaguer. A truly covalent bond in the strictest sense can only exist between members of the same atomic species, indeed Pauling 6) modelled the definition of a covalent bond on the interaction between Carbon atoms. For interaction between different species of atoms it becomes a question of terms, and most prominently a question of the difference in electronegativity. Therefore the purest instance of an ionic bond is between alkaline elements and Halogens. Even there, it is less than a clean cut. As a rule the heavier the element the less electronegative it is. This leads to the result that the difference between an ionic and a covalent bond is spectrum rather than binary. 7) The missing types of chemical bonding are metalorganic and complex bonding. Since there has been no report of ferroelectric activity in metal organic compounds the description is left out at this point. Complex bonding (from latin complexum: embraced, encircled, hugged) however plays a big role in ferroelectrics. Rather than an interaction between individual electrons, the complex bond relies on the interaction between empty shells (dshells, empty or half filled, mostly present in transition metals) existing as potential energy levels to be filled in the central atom and potentials of high electron density in the ligands. 6) 
Structure of perovskites
The general formula unit for oxides with perovskite structure can be written as ABO 3 . The size of the A-cations is similar to that of the oxygen anion. Together these ions are arranged in a face centered cubic packing. The B-site cations are octahedrally coordinated by the oxygen anions, therefore B-site cations are preferably small and highly charged cation.
The number of combinations of A-and B-site cations is huge, because except of some size limitations the condition of charge neutrality says that in perovskite oxides the sum of cation charge has to be +6. 3 . Even 06 perovkites are known, with a "vacancy" on A-site, like ReO 3 , an excellent electronic conductor. This high flexibility of the structure gives access to a great variety of compounds, which furthermore can form solid solutions among each other. Heterovalent ions can substitute A-and B-site cations, at least in small concentrations, in an even larger diversity. Very "unusual" site occupancies can be observed. Ca 2+ for example can be forced to substitute Ti 4+ as B-site cation in BaTiO 3 acting as a very effective acceptor. 8) The lattice energy of the perovskite structure is to the major extent due to the Coulomb energy and can be expressed by the Madelung constant obtained from corner linked oxygen octahedra, whose interstices are occupied by two kinds of cations. Therefore the B-cations should exhibit a preference of the coordination number VI and are incorporated inside the oxygen octahedral. The larger A-cation occupies the interstices formed by eight octahedra. Hence their coordination number is XII.
The symmetry of the structure is mainly determined by the ionic radii especially by the appropriate size of the A-site cation.
Where it is too large, the B-O distance cannot be optimized and hexagonal stacking with face sharing octahedra becomes competitive. Where the A-site cation is too small, A-O arrangement stabilizes structures having a lower anionic coordination around the A-site. If A-site and B-site cation are of similar size, more close-packed structures get favoured such as the ilmenite-structure. The tolerance factor defined by Goldschmidt in 1926 9) is a geometrically derived rule for the limits of the perovskite structure and the deviations from cubic symmetry. It is based on the assumption of close packing of the anions together with the A-site cations. Using the ionic radii refined by Shannon 10) it is a useful concept to predict the variations of the perovskite structure In the ideal case the sum of the radius of the A-site cation r A and the radius of the anion r O is equal to the sum of the radius of the B-site cation r B and the radius of the anion multiplied by the square root of two yielding the following expression with the tolerance factor t = 1.
The perovskite structure occurs for t-values in the range of approximately 0.7 to 1.1. For t < 1 rhombohedral or orthorhombic distortions are found. In many cases the structure adopts itself by tilting of the oxygen octahedra. For t > 1, the space available for the B-site cation in its octahedral "cage" is large enough so that it can rattle. This is simplest explanation for the origin of the ferroelectric character of many perovskite titanates such as in the case of the tetragonal BaTiO 3 . It is important to note that this concept does not take into account other aspects influencing symmetry, such as Jahn Teller distortion, directional covalent bonding or disorder phenomena.
11)

Ferroelectricity
Many books deal with the description of the origin, control and application of the ferroelectric effect, one of the most comprehensive is the book by Y. Xu.
12) The phenomenology of the ferroelectric effect is predominantly based on the observation of an extremely high relative permittivity, which exhibits a maximum at a transition temperature usually designated as CurieTemperature T C . As stated above, it was first detected on BaTiO 3 , which is still kind of model material for ferroelectrics, although some authors claim, that the ideal ferroelectric is PbTiO 3 .
13)
BaTiO 3 exhibits a maximum relative permittivity of about 10000 at approximately 127°C. Soon it was realized that at this temperature a first order phase transition occurs, with a symmetry change from tetragonal (T < 127°C) to cubic (T > 127°C).
Keeping in mind that in BaTiO 3 with its tolerance factor >1 the space in the oxygen octahedron is larger than the radius of the Ti 4+ ion, this phase transformation and others at lower temperature (tetragonal to orthorhombic at about 5°C and orthorhombic to rhombohedral at about ¹75°C) lead to a reduction of the size of the ligand cage and an off-centering of the Ti 4+ ion. This displacement of cations and anions causes the formation of a polar axis (or dipole) responsible for the orientation polarization of ferroelectrics. Although this polarity is an inherent property of the unit cell, the polar axes within a crystal align themselves giving rise to the formation of domains in order to minimize stray fields and mechanical stress.
14)
The most prominent theories for the description of ferroelectrics are the Ginzburg-Landau-Theory and the Soft-Mode Concept.
15) The Ginzburg-Landau-Theory considers the interaction of many polar axes and introduces the polarization as an order parameter. The free energy of the system can be expressed as an expansion of powers of this order parameter. From this expression the Curie-Weiss-Law for the dielectric susceptibility can be derived containing the Curie-Weiss-Temperature Q, which is equal or less than the phase transition temperature T C depending on its order. This Curie-Weiss-Law actually is valid for the description of the susceptibility or relative permittivity above T C .
On the other hand the soft mode concept takes into account that the local electric field in an ionic crystal causes the splitting of the optical vibration modes. The frequency of the longitudinal modes increases, whereas the frequency of the transversal modes decreases. A partial compensation of the short-range lattice interaction by the long-range electric fields causes a softening of the transverse modes. This effect is strongest in the center of a Brillouin zone. 15) Decreasing the temperature to T C finally reduces the transverse optic mode frequency to zero and a phase transition to a state with a spontaneous polarization occurs. Figuratively one can imagine the freezing of the vibration of the Ti 4+ ion in BaTiO 3 with the result that it "gets stuck" in an off-center position. From that concept one can easily derive that T C is mainly governed by the mass of the ions but also by the short range lattice interactions, i.e. the "spring constant" between lattice sites, which is governed by the type of bonding.
Another important feature is the ability of an external electric field to change the direction of the polar axes, which distinguishes ferroelectrics from purely piezoelectric or pyroelectric materials. With an external electric field a ferroelectric can be poled, which enables a polycrystalline and multi-domain material to behave almost like a single crystal. The degrees of freedom for the orientation of the polar axes depend on the symmetry of the system and get maximized if different symmetries coexist as in the case of Lead-Zirconate-Titanate at the so-called morphotropic phase boundary (Zr:Ti = 52:48) where the coexistence of tetragonal and rhombohedral symmetry increases the effectivity of poling giving rise to a maximum of the relative permittivity or piezoelectric parameters.
While there are similarities between ferroelectric-and ferromagnetic materials mostly in the existence of a spontaneous dipole or magnetic moment, respectively, their thermal behavior and the existence of domains consisting of parallel dipole vectors (and the resulting hysteretic behavior under field), fundamentally they rely on vastly different principles. 16) Although the domains and the existence of a macroscopic poling within ferromagnetic materials and even the behavior over their characteristic temperatures (above T c ; transition to paraelectric or paramagnetic) are might look similar, the termini fundamentally only denote the behavior of matter capable of reversing their polarization as an ensemble and being influenced not only by the current field but also by the history of exposure to fields (hysteretic behavior).
The behavior of ferromagnetic materials is caused by the existence of particles with an unpaired spin and is therefore localized, while the ferroelectric behavior (and piezoelectric behavior itself ) is a lattice inherent phenomenon. This means while any hypothetical isolated unit cell of a ferromagnetic material would retain it's characteristics (because the underlying phenomena are localized) a unit cell of a ferroelectric material would lose it's spontaneous dipole and its piezoelectricity with it. 17) So while ferromagnetic materials are influenced by symmetry via the chemical bonds that leave individual particles with paired or unpaired spin, symmetry is actually dominant in ferroelectrics. This phenomenon is robust enough to hold true even in nonthree-dimensional crystal systems like the 2-dimensional liquid crystals. 18) It is important to remember however that ferroelectricity is a property of the ensemble and not the individual parts, as a single unit cell is per definitionem incapable of ferroelectricity.
Early bonding concepts
Although the electrostatic energy is mainly responsible for the stability of the perovskite structure, also electron-electroninteraction contributes to the stability and more to the electrical properties of such compounds.
One of the first concepts to describe the electronic structure of transition metal compounds was developed by Goodenough.
19)21)
He derived semi-empirical criteria for the overlap of cationcation and cation-anion-cation orbitals and drew a band scheme for the perovskite compound ReO 3 . 19) For a transition metal ion on the B-site of a perovskite under the influence of the octahedral crystal field the five d-orbitals are no longer degenerate but split into two different energy levels. Both the dx 2 -y 2 and the dz 2 orbitals have lobes of maximum electron density pointing directly at the surrounding oxygen ions, whereas the d xy , d yz and d xz orbitals have nodal planes in these directions. Conventionally these energy levels are denoted e g and t 2g respectively, according to their symmetry in the point group Oh of an ideal octahedron. The octahedral environment gives rise to a crystal-field splitting between the lower t 2g and the higher e g orbitals. The fact that the e g orbitals are directed towards the next neighbor anions whereas the t 2g orbitals project between them, opens two kinds of hybridization (or covalent bonding). The orbitals of e g symmetry are orthogonal to the oxygen p³-orbitals and therefore preferably overlap with the s-and p·-orbitals of the anion yielding a ·-bond between the transition metal ion and the oxygen. On the other hand orbitals with t 2g symmetry are orthogonal to the anionic sand p·-orbitals and preferably overlap with the p³-orbitals. There is a critical value for the overlap integral. Below that critical value the outer d-electrons stay localized, above that critical value hybridization leads to the formation of molecular orbitals, hence in a crystal to the formation of a band structure with delocalized d-electrons. The overlap integral and the hybridization depend on the atomic number of the cation, the principal quantum number of the d-orbital, the valency or charge of the cation and the total spin of the cation. The three overlap integrals in the perovskite structure ( Fig. 1 ) are the hybridization between two cations b cc , the hybridization between cation and anion in a ·-orientation b cac · and the hybridization between cation and anion in a ³-orientation b cac ³. It is generally accepted that the cation-cation distance across the cube face of approximately 5.5 ¡ is too large for a significant hybridization, so b cc is considered negligibly small. In the case of b cac · and b cac ³ the cation-anion distance is less than 2 ¡, which gives rise to an overlap integral that is appropriate to construct collective electron orbitals (molecular orbitals) or electron bands in a crystal. These bands determine the character of the outer d-electrons. They can be considered as "free" electrons, if the overlap integral is sufficiently large, as in the case of donordoped BaTiO 3 22) or LaNiO 3 . 23) If the overlap integral gets too small, the band structure would collapse and the d-electrons get localized to discrete cationic sites. Consequently the mobility of d-electrons can be described by electron hopping processes (small polarons), as in the case of LaFeO 3 or BiFeO 3 . 24) To derive conceptual phase diagrams for the interpretation of electronic properties of isostructural transition metal oxides, Goodenough draws one-electron energy level diagrams (e.g. ReO 3 , Fig. 2 ) considering the most probable hybridization of the cation and anion orbitals. These diagrams are similar to the oneelectron molecular orbital energy level diagrams of molecules or complexes and are the basis for a band structure in a crystal solid.
Electronic and magnetic properties of oxides with perovskite structure can be understood by filling the energy levels of the schematic band structure derived for ReO 3 , with the electrons of any [BO 3 ] n¹ complex. In the diagram for ReO 3 (Fig. 2) , the filled · bonding states and the empty ·* antibonding states formed by the hybridization of the s-and p-orbitals of cations and anions are separated by a large energy gap of approximately 5 eV due to the difference in electronegativity between the constituent elements. The ³ bonding states and the ·* and ³* antibonding states created by the hybridization of the 5d-orbitals of the cation and the s-and p-orbitals of the anions, are located within this gap. For ReO 3 this results in a partially filled p-band, which is responsible for the metallic conductivity of this compound. Later this was quantified by ab initio calculations by Cora et al. 25) In addition to the hybridization between B-cations and oxygen there exist examples of hybridization between A-cations and oxygen that influence to a high extent ferroelectric and antiferroelectric properties of the perovskite compound and moreover the stability of the whole structure.
Complex bonding in perovskites
To be short, rather than the bonding behaviour of individual electrons the bonding behaviour of complexes are governed by the electron density distributions. The usual metaphor for expressing this are the orbitals of the individual atoms and the occupation (or lack thereof ) of the associated electrons. Thus the description of complex bonding relies heavily on the Molecular Orbital (MO) theory expanding into the crystal field theory and into ligand field theory; 26) simply speaking, on the symmetry and distribution of individual (unperturbed or perturbed) orbitals and the formed hybrid orbitals. Indeed the coordination of atoms within lattices in ionic solids share many similarities to coordination chemistry in dissolved systems and in many cases (such as the octahedrally coordinated B-Sites of perovskites) they are governed by the same parameters. For a material scientist and or solid state chemist the most interesting complexes are that with sulfide (S Oxo complexes, especially octahedrally coordinated ones share a particular property: The phenomenon called the Oxo wall, 27) prevents any such complex to be formed with a central atom with a d-electron count of more than four. Though frequently challenged the rule stands as of today. 28) Furthermore the overall behaviour of the complex is governed by the d-electron count of the central atom, with complexes with a d electron count of four become nucleophilic while those of lower d-shell occupation become electrophilic. This is important in the understanding of perovskites for multiple reasons: The first and most important is to explain why perovskite B-Site atoms tend to be early transition metals of sufficient ionization to leave a low electron count in the d-shell (Ti ; all feature a d 0 configuration and therefore highly electrophilic. The second is the concept of electrophiles in this context. It means that through the push of electronic density into the empty orbitals of the B-site transition metal, facilitating the complex bond, the "outside" (in the direction of the A site) of the octahedra becomes depleted of electron density. A great example to illustrate this can be found in Zurova's treatment of strontium titanate where the electron density mappings show this effect very clearly. 29) As a matter of fact terminal (not reactive) oxo-complexes with a d 0 center are exceedingly rare. 28) The last basic concept necessary is that of a lone pair especially in the concept of the heavy metals typically used as A-site members of a perovskite. A lone pair is a pair of valence electrons not normally used in chemical bonding. They can however contribute to symmetry and as such can be stereoselective. A simple example is the lone pair of Nitrogen in Ammonia where the trigonalpyramidal structure is dictated by both the hydrogens on one side (base) and the lone pair on the other point instead of the flat trigonal shape that would develop otherwise. Despite being nominally nonreactive the lone pair can serve as a reaction centre in electrophilic reactions since the high electron density that facilitates the static repulsion can also serve as a reaction centre for electrophilic reagents.
A special case of a lone pair are the so called inert pairs. Inert pairs are a prime example of a little known discipline called relativistic chemistry. It concerns itself with the relativistic effects inherent with high velocity particles as applied to atoms and their outer electrons. Like everything containing mass relativistic effects apply to electrons. In heavy elements electrons become accelerated to such a degree to allow the increase in mass to be noticeable. This effect is usually seen in ionization energies of heavy elements 30) but a more accessible example would be the spectral signature (and therefore colour) of gold versus most metals. 31) Structurally and electronically this manifests in a tendency of heavier transition metals to retain an unbonded pair of electrons that while influencing structure and geometric behaviour do not interact in direct chemical reactions. This is unusual in regard that lone pair are usually confined to anions like the oxygen group or halogens where they develop due to a strong attraction to the core and a strong electronegativity. Heavy transition metals are the other case of this occurring. Instead of electrostatic reasons however the inert pair is governed by the relativistic mass increase of the electrons in heavy metals and can therefor also happen in metals, who usually yield their electrons easily, compared to non-metals.
The lone pair effect is the application of two aforementioned effects as they apply to ferroelectric perovskites. The electrophile complex at the centre of a perovskite interact with the abundant electron density of a lone pair carrying A-site atom. Since this constitutes a shared orbital it has to be considered covalent. This puts an additional constraining factor upon the crystal system, so symmetry is no longer exclusively governed by ionic radii, atomic weight and the valence of the constituents. The manifestation of this usually amounts to an increase in polarity, a more stable polar state and an increase in Curie temperature. This effect was most exhaustively studied in lead titanate where it contributes to the extraordinary high Curie temperature. 32) Another effect is that despite having a Goldschmidt-Factor of close to one (indicating a cubic state) PZT is decidedly tetragonal. Finally the lone pair effect is responsible for the antiferroelectric ordering in PbZrO 3 . 33) 6. Why lead is so hard to replace
The primary question regarding lead free materials is why lead is so hard to replace, to which there is no easy answer. Primarily the properties for an A-Site ion are: 
JCS-Japan
• Ionic radius: best illustrated by the tolerance factor • High polarizability: Is a function of ionic radius and the electronic configuration
• Valence: an A site ion has ideally a 2+ valence, other configurations are possible, but they need compensation to achieve charge neutrality
• Lone pairs: Ideally the A-site exhibits an distorted (non symmetric) s 2 lone pair When taking all these factors into account, of all 120+ elements only lead has this desirable combination of properties. Although to preserve the properties in a titanate a mixture of Bi 3+ and Tl + (yielding an average valence of 2+) on A-site is thinkable.
Thallium would however completely defeat the purpose of non-toxicity. Generally due to the high toxicity and high volatility (which would contaminate any furnace used) it has not even been tried to be included in any high temperature ceramic process. Disregarding valence the closest nontoxic material to this "ideal" set of properties is bismuth. Bismuth itself is rather unique within heavy metals in its non-toxicity, prompting fears that it is not as harmless as it is initially believed, which would have wide reaching consequences since many cosmetic products and pigments contain it instead of the lead that was traditionally used. 34) The 33 perovskite analog of PbTiO 3 would be BiScO 3 , which has been proposed by Eitel et al. 35 ),36) and studied theoretically by Iniguez et al. 37) The limited sources of Scandium and the resulting exorbitant price of its compounds prevent a large scale technical use.
Bismuth-alkali-titanates
Generally solid solutions of Bi 0.5 Na 0.5 TiO 3 (BNT) and Bi 0.5 K 0.5 TiO 3 (BKT) (as well as solid solutions of BNT and BaTiO 3 ) exhibit a compositional phase transition between macroscopically rhombohedral and tetragonal symmetry. This phase transition is very diffuse and strongly dependent on temperature, unlike PZT where this transition is (nearly) temperature invariant. While the diffuse nature of this compositional phase transition 38) is subject to considerable investigation, the thermally induced phase transition at the so called depolarization temperature T d , usually measured either by thermally resolved electric measurements (piezoelectric constant, relative permittivity or loss factor) is much more important. This is a phase transition from a macroscopic ferroelectric to an antiferroelectric (in other readings non-polar) relaxor phase.
39)41)
It can be considered the key to understanding the material. In any BNT-derived ceramics that shows this transition, the piezoelectric and dielectric properties under high electric fields are tremendously enhanced. Above (and especially close to) T d , such compounds exhibit pinched polarization loops that have become a hallmark of the material. Conversely, if (for any reason) the (BNT-derived) material lacks this phase transition, it becomes a canonical soft ferroelectric. In a recent paper we have shown that the phase transition is caused by the loss of hybridization of the Bi-lone pair with the surrounding oxygen, thereby releasing the constraint that it puts on the crystal system, which can be regarded as a corner-sharing network of oxygen octahedra containing the B-site cations (in this case Ti 4+ ). This resets the material to the structural phase that is predicted by the ionic radii (via the tolerance factor t of the Goldschmidt rule). In PZT this bond is very stable and contributes to the temperature stability of this material (exceptionally high Curie temperature compared to alkaline earth titanates). In BNT-derived materials, only half the A-site is occupied by a lone pair carrying ion, and this is the reason why the loss of hybridization is not coinciding with the transition to paraelectric behaviour at elevated temperatures; instead forming an intermediate temperature dependent phase transition. We could show this effect by deconvoluting the temperature dependent Raman spectra of a prototype multilayer actuator and plotting the modes indicative of A-site-oxygen vibrations. At T d , the inter-atomic spring constant responsible for the total energy of the mode was lowered abruptly, accompanied by a rapid change in symmetry of the whole crystal system. 42) This is a hallmark of the breaking of a covalent bond.
The lone pair effect also influences the energy level of the valence band maximum E VB and the conduction band minimum E CB , which determines the conductivity of a material and the effectivity (and limitation) of donor or acceptor dopants. The E VB and E CB of BNT and PbTiO 3 is 1.21.5 eV higher compared to SrTiO 3 .
43) The higher E VB of the bismuth and lead compounds is closely related to the electronic structure and can be attributed to the "lone-pair effect" formed by the occupied 6s orbital. 44)47) While the 6s states are mainly forming a split of band at the bottom of the valence band, 43) , 46) the hybridization between Pb 6s, 6p and O 2p orbitals makes a significant contribution to the upper states in the valence band. 45) This cation-anion interaction apparently leads to a considerable upward shift of the valence band maximum energy comparable to the effect of d-states.
Conclusions
In the present work we introduce the concepts for covalent or more precisely complex bonding in perovskites and outline their consequences for the stability of structures and for the properties of ferroelectric perovskite type materials. Not only the formation of bands for itinerant electronic charge carriers as in donor doped BaTiO 3 , can be explained by complex bonding but also the special properties of PbTiO 3 , where the electrophilic titaniumoxygen complex is the prerequisite that the lone pair of the Pb 2+ ion can enter the depleted orbitals of the oxygen giving rise to a stereoselective bond that is responsible for the high Curie temperature, the tetragonal symmetry contradicting Goldschmidt's tolerance factor and furthermore the antiferroelectric ordering in PbZrO 3 . Considering the complex bonding and the lone-pair effect will help to tailor lead-free compounds to meet specifications for replacing lead based compounds. Finally these concepts also provide an insight into the reasons for differences in the absolute values of the energy level of valence band maximum and conduction band minimum, which determine the effectivity and stability of dopants.
